Abstract. For calculation of cross sections for collisional transitions between rotational levels in a molecule, a computer code, MOLSCAT has been developed by Hutson & Green (1994). For the transitions between rotational levels in H 2 CS due to collisions with He atom, we have calculated cross sections under the CS approximation. In the MOLSCAT, there is provision to input more than one values of total energies. Here, for example, we are interested in the cross sections for total energy 11 cm −1 . The calculations have been done for the single energy 11 cm −1 and for eight combinations, having energies (11, 12), (12, 11), (10, 11), (11, 10), (11, 12, 13), (9, 10, 11), (10, 11, 12), (9, 10, 11, 12, 13) cm −1 .
Introduction
In most of the cosmic objects, spectral lines of molecules are formed under non-thermal conditions and for analysis of spectrum, the radiative and collisional transition probabilities for the transitions between rotational levels of the molecule are essentially required.
For the calculation of scattering cross sections for collisional transitions, the first requirement is to calculate the interaction potential between the molecule of interest and the collision partner. Being the most abundant in the interstellar medium, the hydrogen molecule H 2 is taken as the colliding partner. Because of two hydrogen atoms, the H 2 has two species, called the ortho (parallel spins) and para (anti-parallel spins). Thus, one needs to consider the collisions between the molecule of interest and para-H 2 (in the J = 0 state) or ortho-H 2 (in the J = 1 state).
The molecule of interest may be a linear molecule (diatomic molecule), symmetric top molecule or asymmetric top molecule. Large number of molecules found in the cosmic objects belong to the category of asymmetric top molecules. Treatment of an asymmetric top molecule is rather complicated, as there is no preferential direction. The molecule of our interest, the thioformaldehyde H 2 CS, is asymmetric top molecule.
Often, for simplification of calculations, the molecular hydrogen (collision partner) is taken as structure-less, and has been replaced by the He atom, as both the H 2 and He have two protons and two electrons, and the interaction depends on the charges. In the present discussion, we have considered the collision between the H 2 CS and He.
In section 2, the interaction potential between the H 2 CS and He has been calculated. Section 3 has been devoted for the calculations for collisional cross sections with the help of MOLSCAT. In the last section 4, we have discussed about the results and the conclusions have been drawn. (Sharma et al., 2014a, b; , we have done three sets of calculations:
Interaction potential
(i) energy E 1 of H 2 CS + He.
(ii) energy E 2 of H 2 CS while He is present as a ghost atom.
(iii) energy E 3 of He while all the atoms of H 2 CS are present as ghost atoms.
There are 106 basis functions, 204 primitive gaussians, 119 cartesian basis functions. The interaction potential V (R, θ, φ) between the H 2 CS and He is then The interaction potential V (R, θ, φ) has been calculated for R = 2.25 (0.25) 5.25Å,
The calculated potential has been fitted in terms of the spherical harmonics with the help of the expression:
where the azimuthal quantum number l has been allowed to vary for the integer values form 0 to 5. For a given value of l, the magnetic quantum number m could assume even integer values from 0 to l. The values of the expansion coefficients v lm (R) as a function of R are given in Table 1 .
For the present investigation, the accuracy of interaction potential does not matter.
However, an interaction potential is required. This interaction potential has been used as input in the computer code MOLSCAT. When the interaction potential is not appropriate for the MOLSCAT, the MOLSCAT does not converge and no output is produced. For example, in the calculations of Green (1980) and Palma & Green (1987) , the BSSE were not considered. When the BSSE are considered, the potential would definitely be different.
The MOLSCAT had given results for that potential and would give for new potential also.
Calculations with MOLSCAT
The MOLSCAT has provision to do calculations under the Infinite Order Sudden (IOS) approximation, Coupled States (CS) approximation, and Close Coupling (CC) approach.
For scattering in an asymmetric top molecule, these three approaches can be invoked by choosing the value of ITYPE as 106, 26 and 6, respectively, in the input file for the MOLSCAT. In the IOS approximation, the energies of rotational levels in the molecule are neglected in comparison to the energy of the collision partner. Therefore, it is valid for high energies of collision partner. Consequently, the the scientists prefer to use the CS approximation which is valid for all energies of collision partner.
Though the CC approximation is better than the CS approximation, but it is too In the present work, for example, we are interested in the cross sections for total energy 11 cm −1 . The calculations have been done under the CS approximation (ITYPE = 26) where the basis set with JMAX = 14 is used. In the MOLSCAT, there is a provision to input more than one values of total energies. In the input file, NNRG is the number of total energies included in the input file. The calculations have been done for the single energy 11 cm −1 and for eight combinations, (11, 12), (12, 11), (10, 11), (11, 10), (11, 12, 13 ), (9, 10, 11), (10, 11, 12) , and (9, 10, 11, 12, 13) cm −1 , as given in Table 2 . In Table 2 , column 3 gives the number of energies (NNRG) given in the input file. The energies and their sequence are given in column 4.
The cross sections for different sets of energies are denoted by C1, C2, . . . , C9. In C1, the MOLSCAT is run for the single energy 11 cm −1 . In C2 and C3, and in C4 and C5, and in C7, two energies are before the 11 cm −1 . In C8, one energy before and one energy after the 11 cm −1 have been taken. In C9, two energies before and two energies after the 11 cm −1 are taken. One may consider other combinations also. We assume that these combinations are sufficient for our investigation. All the parameters (except NNRG and ENERGY) in the input file for all the combinations are the same.
The cross sections have been calculated with the help of MOLSCAT. In Table 3 , we have given the cross sections for 11 cm −1 . Up to 11 cm −1 in H 2 CS, there are four para levels (0 00 , 1 01 , 2 02 , 3 03 ) and two ortho levels (1 11 , 1 10 ). The ortho and para species of H 2 CS behave as they are two distinct molecules, as there are no transitions between them.
Thus, there are 12 (excitations + deexcitations) transitions between the para levels and 2 (excitations + deexcitation) transitions between the ortho levels. The cross sections show random values.
In order to understand the range of variation in nine combinations, for each transition, we have chosen the maximum cross-section C max and the minimum cross-section C min , and have calculated the percent variation P of C max relative to C min as
For example, for the transition 0 00 → 1 01 , we have C max = 23.611 and C min = 14.809.
The value of P for each transition is given in the last column of Table 3 .
Discussion and conclusions
First, we have to state that we have no comment on the the papers where CS and CC approximations have been used. The only point to be discussed here is that we have found different cross sections for the same energy (11 cm −1 ) when different combinations, which depend on the direction also, having 11 cm −1 are considered.
Except one pair (between 3 03 and 2 02 ), for other pairs, the cross sections for C1 and C5 are equal. Other values of cross sections show random variation. It is obvious that the value of P is the same for excitation and deexcitation between a pair of levels. It supports the detailed equilibrium where the rate coefficients for collisional excitation and deexcitation are proportional to each other. The value of P for ortho transitions is 88.5.
It is quite high and shows that the cross sections can vary up to almost a factor of 2. It may be because the separation between the levels is very small.
To some extent, the value of P is found to decrease with the increase of separation between the levels. However, it is not the case for all the transitions. In absence of any trend shown by the cross sections, it is difficult to draw any legitimate conclusions.
However, it may be suggested that one should calculate the cross sections for a single value of energy (NNRG = 1) with the help of the MOLSCAT. It would avoid the possibility of using intermediate data for the calculations for one energy into the calculations for other energy.
One may still ask if doing the calculations with MOLSCAT for a single value of energy (NNRG = 1) is sufficient. We do not find ourselves qualified to make any comment about it. Probably some one who knows more details about the MOLSCAT may answer about it. Since there is no substitute for the MOLSCAT, one has to depend on the MOLSCAT.
